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treams and rivers themselves are not always much affected by nutrient loading. However, in most cases these nutrient-enriched waterways flow to the sea, with eutrophication of coastal waters the unfortunate result. This problem now occurs regularly throughout the world, in locations such as the Gulf of Mexico (Rabalais et al. 1999) , the Baltic Sea (Larson et al. 1985) , the Adriatic Sea (Faganeli et al. 1985) , and the Black Sea (Tolmazin 1985) . But we have moved beyond being concerned about nutrients only in the regions where they are discharged to being concerned about their movement through large watersheds (thousands and even millions of square kilometers in extent) and over long distances (hundreds to thousands of kilometers), and their effects on large areas of coastal water.
In this article we describe a suite of practices that, if effected collectively, could help reduce nitrogen loadings to the Gulf of Mexico. These practices, in turn, could help limit hypoxia (the presence of low levels of dissolved oxygen in bottom waters, generally less than 2 mg per L) on the continental shelf of the northern Gulf of Mexico, a seasonally severe problem that has persisted there for the past decade. Between 1993 and 1999 the hypoxia zone ranged in extent from 13,000 to 20,000 km 2 , 1998 , 1999 , Rabalais and Turner 2001 . The hypoxia is most widespread, persistent, and severe in June, July, and August, although its extent and timing can vary, in part because of the amplitude and timing of flow and subsequent nutrient loading from the Mississippi River Basin.
The waters that discharge to the Gulf of Mexico originate in the watersheds of the Mississippi, Ohio, and Missouri Rivers (collectively described here as the Mississippi River Basin). With a total watershed of 3 million km 2 , this basin encompasses about 40% of the territory of the lower 48 states ( Figure 1 ) and accounts for 90% of the freshwater inflow to the Gulf of Mexico . Nitrogen is the macronutrient that most often limits primary productivity of estuarine and coastal waters (Day et al. 1989) . Nitrate-nitrogen concentrations and fluxes from the Mississippi River Basin increased dramatically in the 20th century, particularly in the decades after 1950, when nitrogen fertilizer came into increasing use (Figure 2 ). Other factors contributing to the infusion of nutrients into the Gulf include artificial drainage and other hydrologic changes to the landscape, atmospheric deposition of nitrates, runoff and domestic wastewater discharges from cities and suburbs, and point discharges from feedlots and other sites of intensive agricultural activity (Table 1) .
The persistence and extent of the Gulf of Mexico hypoxic zone has been fairly well described. Linkages between the nutrient flux from the Mississippi River Basin and net surface productivity and bottom water oxygen deficiency have been generally established (Atwood et al. 1994 , Justic et al. 1995 , 1999 , Brezonik et al. 1999 , Diaz and Solow 1999 . Some suggest that the hypoxia may have potentially severe effects on the biota of the Gulf (Turner and Allen 1982 , Rabalais et al. 1992 , Bierman et al. 1994 , 1997 , but thus far fisheries have not been dramatically affected (Diaz and Solow 1999) .
Solving a problem on the scale of the nitrogen loading of the Gulf of Mexico is a major challenge to ecological science and its applied field of ecological engineering. It will require the application of principles and practices from ecology (ecosystem and landscape scales), agronomy, soil science, hydrology, and atmospheric sciences, and, indeed, the integration of these sciences. Our recommendations will be debated and dealt with in a complex regulatory, political, social, and economic context involving more than a dozen states, countless drainage districts, lobbying interests, environmental organizations, and urban and agricultural interests, as well as many local, state, and federal agencies. 
Controlling nitrogen in the Mississippi River Basin
A partial reduction in the quantity of nutrients reaching the Gulf of Mexico, particularly nitrate-nitrogen, can be accomplished through several general approaches and specific techniques (Table 2 ). These include modification of agricultural practices, construction and restoration of riparian zones and wetlands as buffers between agricultural lands and waterways, control of urban and suburban nonpoint sources, use of environmental technologies such as tertiary treatment at point sources, and deployment of controls on atmospheric sources.
Precipitation has a great effect on the timing of nitrate-nitrogen exports from crop fields in the Mississippi River Basin, particularly in the case of nitrate-nitrogen that is discharged through subsurface drains. Dry years can result in very low levels of nitrate-nitrogen discharge. Wet years, particularly if they follow one or two dry years, can result in very large discharges of nitrate-nitrogen through subsurface drains. Nitrate-nitrogen concentrations do not vary consistently with daily flow but do vary seasonally. Highest concentrations generally follow spring rains. Between rains, residual soil nitrate accumulates in the soil because of fertilization, reduced crop uptake, and soil mineralization, only to be released during periods of heavy rainfall.
Methods of modifying agricultural practice. Studies show relatively high nitrate-nitrogen concentrations in subsurface drainage from row crops such as corn and soybeans. Lower concentrations characterize perennial crops such as alfalfa or grass; these crops' roots have extended periods of water and nutrient uptake that optimize the cycling of nitrogen (Table 3) . Some control of nitrogen loss is therefore possible by means of changes in cropping systems. In a comparison test from 1990 to 1993 in southern Minnesota, researchers found that NO 3 -losses from row crops such as corn and soybeans were 30-50 times greater than losses from perennial crops such as alfalfa (Randall et al. 1997) . Studies elsewhere in the Midwest showed similar results (Logan et al. 1980, Baker and Melvin 1994,) . 30  39  40  20  217  Corn-soybean  22  29  26  14  204  Soybean-corn  26  38  27  13  202  Alfalfa  -4  4  1  7 Applying nitrogen to a crop at the proper rate is another way to reduce nitrogen discharges from farm fields. Using too little nitrogen with a highly responsive crop such as corn or wheat results in lower yields, poorer grain quality, and reduced profits. Yet using too much nitrogen does not hurt yield and quality. Consequently, many farmers choose to err on the liberal side when deciding how much nitrogen fertilizer to apply. This extra nitrogen (often called "insurance"nitrogen) dramatically increases nitrate concentrations. The application rate of this excess nitrogen, although difficult to ascertain precisely from the peer-reviewed literature, is said by one group of researchers to vary between 22 and 67 kg N • ha • yr in Minnesota (Legg et al. 1989) . A simple excess application of 45 kg N • ha • yr for insurance purposes can elevate nitrate concentrations by 6-20 mg N per L, depending on the severity and length of the dry period and on crop yield.
For both agronomic and environmental reasons, spring application of nitrogen fertilizer is frequently superior to fall application because less loss of nitrogen occurs in the 2-3 months between application and nitrogen uptake. In a 6-year series of experiments in southern Minnesota, nitrogen was applied to corn in the fall and spring (Buzicky et al. 1983 ). The research showed that when fertilizer was applied in the fall (i.e., early November), corn yields were 8% less and annual losses of NO 3 -in the subsurface drainage water were 36% greater than when fertilizer was applied in the spring (Table 4) . However, many corn growers, especially in the northern part of the Corn Belt (i.e., northern Iowa and southern Minnesota), apply nitrogen in the fall because they usually have more time, nitrogen fertilizer prices are often lower, and field conditions are better (Randall and Schmitt 1998) . Requiring spring application of fertilizer would be an effective on-site method for controlling some NO 3 -runoff. Another way to decrease the use of nitrogen fertilizers is to account more precisely for other sources of nitrogen already present on farmland. Legumes, such as soybeans and alfalfa, sequester nitrogen from the atmosphere through nitrogen fixation. Nitrogen credits can range from about 45 kg per ha for soybeans to 170 kg per ha for alfalfa. In such cases this credit will suggest that no nitrogen fertilizer is required. Animal manure also contains high levels of nitrogen; when it is applied to farm fields, its nitrogen loading should be credited against subsequent fertilizer use.
Other methods for the control of NO 3 -have recently been studied with some positive results. Nitrification inhibitors delay the conversion of ammonium-nitrogen (NH 4 + , a nonmobile form of nitrogen) to nitrate-nitrogen (a mobile form of nitrogen), thus reducing the loss of nitrate from the farm field, particularly during periods of heavy rainfall. The limited data in the literature (e.g., Kladivko et al. 1991 ) also indicate that more NO 3 -can be exported to waterways when drainage tiles are narrowly spaced (5 m apart) rather than widely spaced (10-20 m apart). This is probably because of the improved aeration of the soil that occurs with narrow spacing, which in turn creates a greater potential for nitrification and a lower potential for denitrification.
Off-site control of agricultural drainage: Riparian zones and wetlands. A second general approach to preventing nitrogen from reaching the streams and rivers of the Mississippi River Basin is to place ecosystems that are effective nitrogen sinks between the agricultural fields and the streams and rivers. Two general ecological systems for the control of nitrogen are natural and created wetlands and riparian buffers.
Because of extensive artificial drainage over the past 200 years, many of the once-ubiquitous freshwater wetlands and riparian zones associated with the streams and rivers of the basin no longer exist (Figure 3 ). Gone with them is their capacity to mitigate water pollution. In the Midwestern states, water quality is particularly degraded by nutrients, pesticides, and sediments from farms and urban areas; in these states, 80% of the wetland acreage has been drained. In seven states in the upper Mississippi River Basin (Indiana, Illinois, Iowa, Minnesota, Missouri, Ohio, and Wisconsin), about 18.6 million ha (46 million acres) of land has been drained (Zucker and Brown 1998), much of which was wetlands at some time. In total, 14.1 million ha (35 million acres) of wetlands were lost in these states between the 1780s and the 1980s (Dahl 1990 ). Thus, the landscape has lost part of its ability to maintain a biogeochemical balance, and the streams and rivers are no longer buffered from runoff from upland regions. Wetlands. Wetlands and riparian buffers are effective nitrogen sinks because of the high level of denitrification that has occurred in their soils. Nitrogen transformations in wetland and riparian soils, surface water, and groundwater involve several microbiological processes, some of which favor these systems as sinks for nitrogen (Figure 4 ). Ammoniumnitrogen (NH 4 + ) is the primary form of mineralized nitrogen in most flooded wetland soils and is often the primary initial form of nitrogen fertilizer. NH 4 + can be absorbed by plants through their root systems or by anaerobic microorganisms and converted back to organic matter. It can also be immobilized through ion exchange onto negatively charged soil particles. Because of anaerobic conditions in wetland soils, NH 4 + would normally be restricted from further oxidation and would build up to excessive levels were it not for the thin oxidized layer at the surface of many wetland soils. The gradient between high concentrations of NH 4 + in the reduced soils and low concentrations in the oxidized surface layer causes the ammonium to diffuse upward, albeit very slowly, to the oxidized layer. The NH 4 + then is oxidized by a restricted number of chemoautotrophic bacteria through the process of nitrification to nitratenitrogen (NO 3 -). Because, unlike NH 4 + , NO 3 -is a negative ion, it is not subject to immobilization by the negatively charged soil particles and is thus much more mobile in solution. This is why it discharges so readily from agricultural fields if it is not assimilated immediately by plants or microbes. Denitrification is carried out by certain microorganisms in anaerobic conditions with NO 3 -as the terminal electron acceptor. It results in the loss of NO 3 -as it is converted to gaseous nitrous oxide (N 2 O) and molecular nitrogen (N 2 ) (see Figure 4) .
The creation of wetlands for the purpose of controlling diffuse sources of nutrient pollution has been investigated in detail in several studies (Table 5 ). In particular, data from two multiyear wetland creation projects in the Midwest illustrate the relationship between the amount of nitrate-nitrogen added to wetlands and the amount of nitrate (percent and mass), is retained ( Figure 5 ). When nitrate-nitrogen is introduced to wetlands or anaerobic subsoils of riparian buffers and sufficient organic carbon is available to fuel the microbes, high rates of denitrification are possible.
Wetlands that are created or restored for the purpose of enhancing nitrogen uptake can have many possible locations in the landscape ( Figure 6 ). The natural design for a wetland fed primarily by a flooding stream ( Figure 6a ) allows for seasonal floodwaters to deposit sediments and chemicals in the wetland and for the water to seep back into the stream. Because there are both artificial and natural levees along major sections of streams, it is often possible to create such a wetland with minimal construction work. The wetland could be designed to capture floodwater and sediments and slowly release the water back to the river after the flood passes. This is the design of natural riparian wetlands in bottomland hardwood forests. Wetlands can be designed as in-stream systems by adding control structures to a stream itself or by impounding a distributary of the stream (Figure 6b ). Blocking an entire stream is a reasonable alternative only in low-order streams; this technique is often called controlled drainage. Wetlands formed using this technique are particularly vulnerable during flooding, and their stability can be hard to predict. Controlled drainage wetlands have the potential advantage of treating a significant portion of the water that passes the point in the stream where blocking occurs. Maintaining the control structure and the distributary can entail a significant management commitment.
Wetlands can be constructed in the landscape to intercept small streams and drainage tiles (Figure 6c ). The main stream itself is not diverted, but the wetlands receive their water, sediments, and nutrients from small tributaries, swales, and overland flow. Especially because tile drains are often the source of the highest concentrations of nitrates, interception of nitrates by artificial wetlands constructed around drainage tiles can be a very effective method of controlling nonpoint source pollution (Figure 6c) . Scientists in Illinois, Iowa, and Ohio have investigated the use of constructed wetlands as streamside buffers to treat farm drainage waters. These systems essentially use the wetlands as the first line of treatment to remove the highest concentrations of nitrates, with a grassy swale or forested strip serving as a polishing system for removal of the remaining nitrates.
Riparian buffers. Several studies, mostly of the Atlantic Coastal Plain of North America, the western United States, and Europe, have found riparian ecosystems along streams and rivers to be effective sinks or buffers for nitrates in agricultural watersheds (Lowrance et al. 1984 , 1997 , Jacobs and Gilliam 1985 , Osborne and Kovacic 1993 , Gilliam et al. 1997a , 1997b . Although many factors determine the effectiveness of riparian buffers for any given pollutant, the most important is hydrology (Hill 1996) . For example, removal of contaminants from surface runoff requires that runoff water be sufficiently slowed to allow sediment to settle. If the runoff water does not spread over the buffer, it will move through the buffer in channels. Channelized water moves almost as quickly through a buffer as it does from the field, rendering the buffer ineffective at pollutant removal (Dillaha et al. 1989) .
Most nitrogen from agricultural fields reaches surface water in the form of nitrate from the groundwater below the soil surface. For nitrate to be removed from groundwater before it reaches surface water, the groundwater must enter a zone where plant roots are or have been active. These plant roots may either absorb the nitrate for growing purposes or, more important, provide a carbon source for the denitrification of bacteria. In the large majority of riparian buffer sites that have been investigated for nitrate removal, nitrate concentrations in shallow groundwater have been shown to be significantly reduced as the water flowed through the riparian buffer (Gilliam et al. 1997a (Gilliam et al. , 1997b ). However, it is possible for nitrate to pass through the riparian buffer at depths far enough below the root zone to ensure that little nitrate removal occurs (Correll et al. 1994) . It is also possible for groundwater to move through the riparian buffer so quickly that little nitrate is removed (Haycock and Pinay 1993 Notes: Studies listed here do not generally include wetlands exposed to wastewater, except for Kadlec and Knight (1996) ; av., average. (Table 5 ). It appears that per unit of area, wetlands with saturated soil have a greater potential than riparian forests for nitrate-nitrogen reduction by means of denitrification, although both kinds of systems can be effective nitrate sinks. Compared with wetlands, riparian buffers generally have (a) lower flow rates per unit of area, (b) potentially less buildup of organic carbon in the soil (freshwater marshes can have soils consisting of as much as 40% organic carbon, whereas riparian soils are generally 5% organic carbon), and (c) higher redox potential.
Urban and suburban nonpoint source control.
Urban areas contribute nonpoint source pollutants to streams, rivers, and coastal areas. The process of urbanization results in hydrologic changes that increase surface runoff and erosion, and there are numerous anthropogenic sources of nutrients in urban areas. A large body of information exists on approaches to reducing nutrient outputs from urban areas. However, in a watershed the size of the Mississippi River Basin, the prospects for significant reductions of urban nonpoint source pollutants, especially nitrate-nitrogen, are not as good as the prospects for reductions of pollution from other sources. First, the land area of urban centers in the Mississippi River Basin is very small compared with the extent of rural land. Second, nitrate concentrations in urban runoff are generally not high compared with concentrations in urban point sources, such as municipal wastewater treatment plants, or in rural nonpoint sources, such as agricultural runoff. For example, several studies have documented that fertilized lawns have very low nitrate concentrations and fluxes relative to fertilized cropland (Table 6 ). The comparison depends on the level of fertilizer use and on the form of sewage system (septic or central sewer system) used in the urban setting (Morton et al. 1988 , Gold et al. 1990 , Petrovic 1990 , Miller et al. 1997 ).
Point source control.
Municipal wastewater is the primary point source of nitrogen in US waterways. In the Mississippi River Basin, it accounts for an estimated 0.2 million metric tons per year of nitrogen discharge to streams and rivers in the basin (Table 1) , a small percentage of the total load to the Gulf of Mexico. There are two basic methodologies for controlling nitrogen from wastewater treatment plants, generally referred to as tertiary treatment. Tertiary treatment methods include highly engineered wastewater treatment as well as ecotechnology approaches using engineered wetlands that process nitrates (described above in "Wetlands"). Wastewater treatment technologies involve chemical, physical, and biological processes and rely upon the controlled use of chemicals and mechanical energy within structured environments such as concrete or earthen containers. They are also generally expensive and often labor intensive, and they require continuous monitoring and management of the treatment factors. These methods are appropriate where the availability of land is limited (such as in urban areas), when nitrate is concentrated in the flow stream, and when the flow stream is reasonably uniform over time. Hundreds of studies (Kadlec and Knight 1996, Mitsch et al. 2000) have demonstrated the capacity of created and natural marshes to serve as sinks for nitrogen in wastewater. There are now hundreds of documented wastewater wetlands in the United States and Europe. The generally lower costs of these wastewater treatment wetlands relative to more technological approaches enhance their appeal as nitrogen control systems. Controls on atmospheric NO x . Control technologies for stationary sources reduce NO x (NO + NO 2 ) gaseous emissions during either combustion or postcombustion processes; these technologies are already being designed and applied to atmospheric sources throughout the Mississippi River Basin. Significant advances in automobile NO x emission control technology have been made in recent years. Because nitrogen emissions apparently are subject to photochemicalreducing regulations consequent to the Clean Air Act Amendments of 1990, and because atmospheric emissions are, in total, only about 7% of agriculturally related sources of nitrogen, our study did not investigate further the control of atmospheric nitrogen sources in the Mississippi River Basin.
Mississippi River diversions
The hypoxia in the offshore zone of the Gulf of Mexico results at least partially from the separation of the Mississippi River from the deltaic plain. Whereas the river once spread out over the delta during flood periods, it is now mostly shunted directly to the sea. In historical times, a considerable amount of water flowed out of the main channel and into the deltaic plain. Kesel et al. (1992) constructed a sediment budget for the lower Mississippi River for the period 1880-1911 and reported that about 26% of the sediment was being retained by the delta at the turn of the 20th century.
There has been controversy over the efficacy of diverting river water back into coastal wetlands for nutrient retention (Turner and Rabalais 1991 , Day et al. 1997 , 1999 , Turner 1998 . In general, wetlands and shallow water bottoms with anaerobic sediments are natural sinks for nitrate-nitrogen, as described above. Major diversions of Mississippi River floodwater could reduce the rate of wetland loss while also reducing nitrogen flux to the Gulf of Mexico , Perez et al. 2000 . The reintroduction of river water, via diversions, to backwaters, coastal wetlands, and shallow inshore bodies of water prior to its discharge to the Gulf of Mexico could be a natural "downstream" pollution control system that could augment efforts to reduce nutrient inputs from the upstream Mississippi River Basin. Because of the hydrology of the flooding river, potential nitrate reduction is probably limited to less than 10% to 15% of total flux in the river, even with complete diversion of floodwaters back into the delta.
Diversion of river water into the coastal zone can have an additional benefit in addition to nutrient retention. Since the 1930s, there has been a dramatic loss of wetlands in the Mississippi delta-estimates run as high as 100 km 2 per year (Gagliano et al. 1981 )-because of land subsidence. Several other factors have been linked to land loss, including (a) elimination of riverine input to most of the coastal zone because of construction of flood control levees along the Mississippi River; (b) altered wetland hydrology, mostly resulting from canal construction; (c) saltwater intrusion; (d) wave erosion along exposed shorelines; and (e) sea level rise (Boesch et al. 1994) . Most researchers have concluded that land loss is a complex interaction of these factors acting at different spatial and temporal scales (Day and Templet 1989 , Boesch et al. 1994 , Day et al. 1995 , 1997 . Diversions can help reduce the rate of land loss and create new land. The rate of land loss is now low in regions where the Mississippi River has been diverted during recent floods (for example, the Atchafalaya River and Caernarvon River outfall areas, and in the Bonnet Carre spillway in the Mississippi River delta) .
Upper Mississippi River flood control and restoration
Flood control in the Mississippi River Basin through the restoration and creation of wetlands and backwater areas was much discussed after the disastrous upper Mississippi River flood of 1993. Sixteen billion dollars in losses resulted, and large nitrate loads were swept downstream into the Gulf of Mexico. Hey and Philippi (1995) argue that the floodwaters that devastated much of the 1.8 million km 2 in the upper Mississippi River Basin might not have reached such high levels had 53,000 km 2 (13 million acres) of wetlands been available to capture and store the floodwaters. The emanating discharge would have contained far less nitrate-nitrogen as well. If the same criteria used for the upper Mississippi Basin were applied to the 2.95 million km 2 basin at Vicksburg (MS), approximately 100,000 km 2 (25 million acres) of wetlands would have been needed to reduce the peak flow. score the conclusion that coupling the flood control and nutrient retention capacities of wetlands in the same watershed makes both ecological and economic sense.
Best practices for reducing nitrogen loadings
Based on a formal review of all the possible techniques listed in Table 2 for the control of nitrogen in the Mississippi River Basin, we believe that solving the hypoxia problem in the Gulf of Mexico (Table 7 ) requires a combination of several general approaches to nitrogen reduction in the basin:
· changing farm practices by reducing the use of nitrogen fertilizer, managing manure-nitrogen more carefully, and applying an array of best management practices on farms · using riparian zones and created and restored wetlands to intercept laterally moving groundwater and surface water from farmlands, targeting areas with artificial subsurface drainage and high concentrations of nitrates · managing existing and planned river diversions in the Mississippi River delta, particularly by intercepting large fluxes of nitrogen associated with floods installing tertiary treatment systems for the removal of nitrogen from domestic wastewater sources in the Mississippi River Basin
Although no single practice is applicable everywhere, each of these practices has potential in selected areas. The challenge is to select and adopt the most appropriate management practices for local landscape conditions. Changing farm practices. Fertilizer and manure both need to be better managed on the farm. This responsibility rests with the farmer, the supplier of the nutrients (fertilizer dealer or manure supplier), and the crop consultants. Applying nitrogen at the correct rate and at the optimum time has been shown to substantially decrease nitrate losses compared to excessive nitrogen application at other times. Knowing the nutrient content and application rate of manure, spreading it uniformly, and incorporating it in a timely manner would all lead to better management of-and confidence in-manurenitrogen as a nutrient source. Also, giving appropriate nitrogen credits to previous legume crops and animal manure applications is necessary to avoid overapplication of fertilizer Changing farm practices Nitrogen management: Reduction in "insurance" rates of nitrogen fertilizer 900-1400 application, proper distribution of manure, application of appropriate credits for previous crop legumes and manure, and application of improved soil nitrogen testing methods Alternative cropping systems: perennial crops substituted for 500 10% of the present corn-soybean area Improved management of animal manure in livestock-producing areas 500
Minimum spacing of 15 m between farm drainage tiles ?
Creating and restoring wetlands and riparian buffers Create or restore 21,000-53,000 km 2 (5-13 million acres) 300-800 of wetlands in the Mississippi River Basin (0.7% to 1.8% of the Basin)
Restore 78,000-200,000 km 2 (19-48 million acres) 300-800 of riparian bottomland hardwood forest (2.7% to 6.6% of the Basin)
Reducing point sources
Tertiary treatment of domestic wastewater 20
Flood control in the Mississippi River diversions in the delta 50-100
nitrogen. If nitrogen were better managed on farms in the Mississippi River Basin through reduction of "insurance" levels of nitrogen fertilizer application, proper distribution of manure, and application of credits for previous crop legumes and manure, there could be an on-site reduction in nitrogen sources to streams and rivers via subsurface drainage of about 0.9-1.4 million metric tons per year. Continued development and application of improved soil nitrogen testing methods to determine the availability of mineralizable nitrogen and carryover nitrogen from the previous crop would be helpful, especially following dry years, legume planting, or past manure applications. Preplanting and in-season soil nitrogen tests have been developed in the past 10 to 15 years to help farmers arrive at better rates of nitrogen application by assessing available nitrate in the soil. Use of these tests should help prevent overapplication of nitrogen fertilizer where nitrate remains from the previous crop. This is most likely to happen following a dry year, when corn is the current crop and manure had been applied to the previous crop.
Alternative cropping systems that entail planting of perennial crops could greatly reduce nitrate losses. Obtaining a market and a satisfactory economic return are obstacles currently being faced by farmers. If alternative cropping systems involving perennial crops such as alfalfa or grass-alfalfa mixes were substituted for some of the present corn-soybean planting in the Mississippi River Basin, nitrate losses could decrease by about 90% in areas where substitutions were made. If changes of this kind were made to just 10% of the corn-soybean farms in the Mississippi River Basin, an estimated decrease in loading of 0.5 million metric tons a year to streams and rivers could result.
Improved management of animal manure and subsequent runoff in livestock-producing areas would reduce nitrogen losses substantially. A 20% decrease in feedlot runoff could result in a decrease of 0.5 million metric tons a year to streams and rivers in the basin.
Although narrowing the spacing between tile lines may appeal to many crop producers because it results in quicker drainage of excess water from the soil profile, keeping the spacing greater than 15 m would probably be a good compromise, one that would allow adequate drainage without escalating nitrate losses in the subsurface drainage water.
Using riparian zones and created and restored wetlands. Wetlands and riparian zones are alternative means of creating buffers between agricultural uplands and streams and rivers. Furthermore, both forms can be designed in the landscape to enhance nitrate-nitrogen reduction through two main ecological processes-denitrification and nitrogen uptake by plants, the latter important only if nitrogen is stored in the soil or biomass for a long time or harvested and taken out of the basin. Studies cited in this article suggest ecological engineering design parameters of nitrogen reduction of about 4 g N m -2 yr -1 with riparian forests and 10-20 g N m -2 yr -1 with restored or created wetlands. These design criteria were used to estimate the general extent of wetlands and riparian zones necessary to make a significant reduction in the amount of nitrogen, particularly nitrate-nitrogen, reaching streams and rivers in the Mississippi River Basin.
Approximately 21,000-52,000 km 2 (5-13 million acres) of created and restored wetlands in the Mississippi River Basin (0.7% to 1.8% of the basin) would be needed to effect a significant reduction of nitrogen load to the Gulf of Mexico. We estimate that this would result in a reduction of 300-800 × 10 3 metric tons N per year (Table 7) .
It is useful to put this area (21,000-52,000 km 2 ) of wetland creation and restoration in perspective, relative to the output of existing programs. An estimated net gain of 336 km 2 of wetlands in the entire United States has resulted from enforcement of section 404 of the Clean Water Act through wetland mitigation, while conservation easement practices and partners in wildlife programs in the upper Midwest account for an increase of approximately 600 km 2 in wetland area (Mitsch and Gosselink 2000) . The national conservation set-aside programs in agriculture, particularly the Conservation Reserve Program, have restored approximately 1400 km 2 of wetlands in eight states in the upper Midwest through 2000. Thus current efforts to restore and create wetlands in the Mississippi River Basin must be 10 to 25 times greater to achieve the goal of 21,000-52,000 km 2 .
The most effective use of wetland restoration and creation would be in watersheds that discharge high amounts of nitrogen. For example, if 7% of the Illinois River Basin watershed were converted to wetlands, as much as 50% of the 144 × 10 3 metric tons of nitrogen flow from that watershed to the Mississippi River Basin could be eliminated. In contrast, the James River Basin in South Dakota contributes only 1.2 × 10 3 metric tons per year of nitrogen to the basin. If all of it were controlled, this would still be an insignificant reduction of the nitrogen load to the Gulf of Mexico. Clearly, restoration and creation of wetlands in the Mississippi River Basin must be strategic; that is, wetlands should be located where agricultural sources of nitrogen and subsurface drainage are the greatest. Decreasing the load of nitrogen to the Mississippi River Basin through the use of riparian zones also appears to be a viable alternative, although the amount of denitrification-and hence nitrogen uptake-in these systems appears from the literature to be less per unit of area than is provided by wetlands. However, there are many other benefits to restoring riparian areas, including flood mitigation and increases in wildlife value and timber production. If the method of analysis we have applied to wetlands is used with riparian zones, we find that 2.7% to 6.6% of the Mississippi River Basin, or 78,000-200,000 km 2 , would have to be restored to riparian bottomland hardwood forest to control an estimated 300-800 × 10 3 metric tons N per year 20 (Table 7) .
To put that finding in perspective, there are currently an estimated 120,000 km 2 of forested wetlands (mostly in the form of riparian forests) in the north-central and southcentral regions of the United States (Mitsch and Gosselink 2000) . About 50,000 km 2 are in the north-central part of the basin, where most of the nitrogen sources to the Mississippi River Basin exist. Tripling the area of riparian forests and similar buffer systems in the upper Mississippi River and Ohio River Basins would be necessary if significant reductions are to be made in the nitrogen load of the Mississippi River Basin to the Gulf of Mexico.
Managing existing and planned river diversions in the Mississippi River delta. With river diversions for coastal restoration already under way in Louisiana, an opportunity exists to manage these diversions for nitrate removal. Some nitrate can be removed from the Mississippi River waters if the river is diverted over wetlands and shallow inshore waters in the delta, particularly during high flow. At a controlled diversion at Caernarvon (LA), nitrate removal was greater than 90% at a loading rate of about 10 g N m -2 yr -1 . The Atchafalaya River carries about onethird of the Mississippi River discharges into a shallow inshore area, and about 50% of the nitrate is removed before the river plume reaches the stratified near-shore region. Using a retention rate of 10 g N m -2 yr -1 ), a reduction of 50-100 × 10 3 metric tons per year of nitrogen could be achieved by diversion of Mississippi River water in the delta region. Removing 50,000 metric tons per year would require about 5,000 km 2 and diversion of about 13% of total river flow. Removal of 100,000 metric tons would require about 10,000 km 2 hectares and diversion of about 26% of river flow, assuming that the system is not overloaded-that is, the area is large enough to accommodate the diversion-and that the system will not become saturated with nitrogen over time. Marshes, swamps, or shallow open water can be sites for nitrate removal, and the deltaic plain of the Mississippi River delta has at least 2000 km 2 of swamps, 12,000 km 2 of marshland, and 14,000 km 2 of inshore open water, or a total of 28,000 km 2 of wetlands and shallow coastal areas. This additional nitrogen sink can be called into service if 20% to 40% of this vast wetland area can be connected to the flooding Mississippi River. Additional modeling should be done to determine whether diversions at different times of the year could enhance nitrate removal and subsequently reduce offshore eutrophication.
Installing tertiary treatment systems. In the Mississippi River Basin, both environmental technologies and ecotechnologies are available for control of nitrogen loading, particularly of nitrate-nitrogen, from domestic wastewater and other point sources. If tertiary treatment systems such as constructed wetlands and nitrification-denitrification basins were used to control 50% of the nitrogen discharged from these point sources, the result would be a reduction of only a small percentage of the load of nitrogen to the Gulf of Mexico. Nevertheless, because nitrogen concentrations are relatively high and more easily controlled in point sources, we recommend tertiary treatment for nitrogen in municipal wastewater treatment plants in the Mississippi River Basin. Wastewater wetlands are a good alternative for this tertiary treatment because of lower costs and other benefits such as wildlife enhancement. It is also possible that because concentrations of nitrate-nitrogen are often higher-and thus nitrogen loading rates are much higher-in municipal treatment wetlands, communities that construct such systems might be able to sell nitrogen credits to local farmers who find it impossible to control nitrogen runoff.
Other benefits of reducing nitrogen levels in the Mississippi River Basin
The construction and restoration of wetlands and riparian zones in the Mississippi River Basin to reduce nitrogen loading to the Gulf of Mexico would contribute to several important national goals (in addition to reducing hypoxia in the Gulf), including the following:
· reduced river pollution in the Midwest, particularly for drinking water protection · augmentation of the nation's disappearing wetland habitat · improved river ecosystems · enhanced terrestrial wildlife in river corridors · mitigation of the effects of floods These so-called local benefits would accrue to the regions in which the wetlands and riparian zones were restored, and not only to the Gulf of Mexico. The reduction of nitrates would provide a much-needed improvement in stream and river water quality throughout the Midwest, resulting in safer drinking water for many communities where river water is a major source of drinking water. The restoration of wetlands in the Mississippi River Basin would be in keeping with ambitious recommendations by a National Research Council committee (NRC 1992 ) that called for a national program of restoration of 40,000 km 2 (10 million acres) of wetlands and 67,000 km (40,000 miles) of streams, rivers, and floodplains. The restoration of riparian vegetation stabilizes stream banks, maintaining the geometry of the stream, including characteristics such as meander length and profile. Tree roots, woody debris, and stream shading enhance the quality of the adjacent riverine habitat. Wetlands and riparian forests serve as corridors linking drier, less diverse uplands to wetter, more diverse bottomlands and are natural highways for waterfowl and other birds as well as numerous terrestrial animals. Hey and Philippi (1995) estimated that approximately 3% of the upper Mississippi watershed, if restored to backwaters and wetlands, would have been sufficient to provide significant floodwater retention even during the upper Mississippi River flood of 1993. Thus, combining the flood control capabilities of wetlands with their nitrate-retaining function makes the use of wetlands in the upper Mississippi River Basin even more attractive.
Scale and basin delay
Hopes for resolution of the Gulf of Mexico hypoxia problem must necessarily be tempered by acknowledgment of several mitigating factors. For instance, on-site source reductions resulting from changes in farm practices do not translate to an equivalent reduction in load to the Gulf of Mexico. Table  1 shows that about 21 million metric tons per year of independently generated nitrogen are loaded to the Mississippi River Basin (if double counting is avoided), but only about 1.6 million metric tons per year of nitrogen reach the Gulf. Most of this difference arises from food export and other losses (Goolsby et al. 1999) . Reducing nitrogen application on farms by 1 million metric tons could reduce the amount of nitrogen reaching the Gulf to as low as 80 × 10 3 metric tons, using the ratio of 21:1.6. However, targeted control of specific nitrate hotspots with the methods we have proposed should produce much more efficient reductions in the delivery of nitrogen to the Gulf.
There are two other factors in the Mississippi River Basin that confound the idea that a reduction of nutrients well up in the watershed will have an impact in the Gulf of Mexico. First, there is a delay between when manure and other fertilizers are applied on farms and when nitrate discharges to streams and rivers. Second, there is a considerable delay between the discharge of a kilogram of nitrogen in the upper basin and its appearance in the Gulf of Mexico. These delays will make it difficult to determine if control strategies in a particular location of the basin are specifically contributing to a reduction of nitrate-nitrogen loading to the Gulf.
The impact on agricultural production
Agricultural production should be minimally affected by the approaches we propose; nevertheless, there would be a loss of farmland with practices such as restored and created wetlands and riparian zones. If nonfarm alternatives such as wetlands and riparian buffers prove unacceptable or infeasible, a considerable reduction in the use of nitrogen fertilizer may be the only way to significantly reduce concentrations of nitrates in streams and rivers, at least in the northern half of the Mississippi River Basin.
The presence of other limiting factors
Although a significant literature implicates nitrogen as the limiting factor in coastal waters around the world, there are confounding factors involved in determining if the reduction of a known amount of nitrogen will reduce the area of hypoxia. There is the question as to whether other chemicals, particularly phosphorus and silicon, are now colimiting factors in the Gulf of Mexico. As nitrogen levels have continued to rise in the Mississippi River, the N:P and N:Si ratios have increased to the point that phosphorus and silicon could be seasonally limiting.
Future trends
Even if it were possible to reduce nitrogen loading to the Mississippi River by a substantial amount, there are no guarantees that this reduction would continue well into the future. Population increases in the basin, with concomitant increases in food requirements and the production of domestic, commercial, and industrial waste, would necessitate a continued increase in nitrogen control in the basin, or else the system would slip back to loading levels seen in earlier years. Some global models predict significant increases in rainfall and river discharge in the basin, leading to greater nitrogen export. Furthermore, catastrophic flooding, such as that seen in 1993 in the upper Mississippi Basin, has a significant role in exporting a significantly greater amount of nitrogen to the Gulf of Mexico, which has sometimes been shown to increase the size of the hypoxic zone significantly (Rabalais et al. 1998) . There is also the concern that catastrophic events such as floods could overwhelm any engineered (ecological or otherwise) solution to nitrogen pollution. Therefore, ancillary benefits-flood control, for example-that accompany approaches like wetland creation are really part of the overall solution, because these benefits they would reduce the significance of these catastrophic hydrologic events that would otherwise overwhelm the control systems.
Uncertain performance of ecotechnology
Because of its scale, the ecological problem of Gulf of Mexico hypoxia cannot be solved with conventional technology. In fact, the costs would be overwhelming. Therefore, ecotechnology-the use of natural ecosystems to solve environmental problems-should be a prominent part of the solution. But since ecotechnological systems inherently are not rigidly engineered systems, their performance varies more widely than that of conventional engineered systems. This uncertainty must be factored into any expectation of immediate results.
Greenhouse gases
More than any other process, denitrification must be accelerated in the Mississippi River Basin if the amount of nitrate-nitrogen that reaches the Gulf of Mexico is to be reduced. Nitrous oxide (N 2 O), one of the so-called greenhouse gases, is considered to be 200 times more radiatively active than CO 2 on a molar basis. If one assumes an N 2 O:N 2 ratio of 1:20 during denitrification, our proposed wetland and riparian buffer restoration would produce approximately 4.5 Gg N 2 O-N per year (Groffman et al. 2000) . Consideration thus must be given to the question of whether a massive increase in the extent of anaerobic zones (wetlands and riparian systems) in the midwestern United States would increase the emission of N 2 O substantially, offsetting any sequestration of CO 2 by these wetlands. Although this question needs further research, there is some evidence that the increase in wetlands would not lead to any serious problems (Mitsch et al. 1999) . Principally, wetland restoration will alter the location of N 2 O production, not increase it on a global scale. Creation or restoration of anaerobic wetlands and riparian buffers in the Mississippi River Basin transfers denitrification from the Gulf of Mexico and the river system to backwater wetlands and riparian zones. Production of nitrous oxide is ultimately related to the amount of nitrogen added to the Mississippi River Basin by fertilizer use, soil mineralization, cultivation of legumes, and other primary sources. The only way that increasing denitrification in wetlands and riparian zones could increase greenhouse gases would be if denitrification in wetlands and riparian buffers had a higher N 2 O:N 2 ratio than currently found in the Gulf.
Conclusions
We have reviewed the most likely methods for reducing nitrogen loading to the Gulf of Mexico from the Mississippi River Basin. The scale of the watershed (which embraces 40% of the conterminous United States) and the climatic and geologic heterogeneity of the Basin make recommending specific methods and sites to implement them particularly difficult. Nevertheless, we conclude that a reduction of about 40% of nitrogen loading to the Gulf of Mexico is possible through the implementation of a number of proven techniques implemented in concert. The suite of techniques (Table 7) Several of these approaches need to be implemented in concert if a major reduction in nitrogen loading to the Gulf of Mexico is expected. Figure 7 illustrates an agricultural landscape of perennial and row crops, with scientifically determined nitrogen fertilizer use rates, and wetlands and riparian buffers that are strategically located between farms and the adjacent streams and rivers. This type of landscape would not only enhance water quality but also wildlife use in the wetlands, forests, and adjacent streams. Such a landscape would not only be more livable, it would also be more ecologically sound and ultimately more economically sustainable than what it would replace.
If policies are devised to implement only one or two of our recommended approaches, then improvement in the Gulf of Mexico is not likely to be as great as it would be with a more concerted approach. In any application of strategies at this scale, there is a strong need for nitrogen control efforts to be coupled to a comprehensive program of monitoring, research, and modeling. Scientists, policymakers, farmers, and others need to know what practices work, and why, so that an adaptive management approach to solving the Gulf of Mexico hypoxia problem on a major watershed scale can be carried out.
